We built a polarization-sensitive optical coherence tomographic system and measured the two-dimensional depth-resolved full 4 3 4 Mueller matrix of biological tissue for what is believed to be the f irst time. The Mueller matrix measurements, which we made by varying the polarization states of the light source and the detector, yielded a complete characterization of the polarization property of the tissue sample. The initial experimental results indicated that this new approach reveals some tissue structures that are not perceptible in standard optical coherence tomography. © 1999 Optical Society of America OCIS codes: 120.2130, 170.4500, 260.5430, 290.7050. Optical coherence tomography 1 (OCT) is a noninvasive noncontact imaging technique that can provide high-resolution cross-sectional images of biological tissues. High spatial resolution ͑,2 mm͒ and high scanning speed (video rate) have been achieved over the past few years.
Optical coherence tomography 1 (OCT) is a noninvasive noncontact imaging technique that can provide high-resolution cross-sectional images of biological tissues. High spatial resolution ͑,2 mm͒ and high scanning speed (video rate) have been achieved over the past few years. 2, 3 Recently, polarizationsensitive measurements with OCT have received much attention. 4 -6 Results of these studies revealed the importance of polarization as a contrast mechanism. In general, the polarization property of biological tissue is very complicated and cannot be assumed to be linearly birefringent with a fixed fast axis. 4, 5 As is known in polarimetry, Stokes vectors and Mueller matrices 7 provide complete representations of polarization properties of light and optical samples, respectively. In this Letter we describe a novel polarization-sensitive OCT system for measuring the full 4 3 4 Mueller matrix of biological tissue with both depth and lateral resolution.
The Stokes vector S of a light beam is based on six f lux measurements with different analyzers in front of the detector: ± ͒ linear polarizer, a right-circular analyzer, and a left-circular analyzer in front of the detector, respectively. The superscript T transposes the row vector into a column vector. Because of the relationships H 1 V P 1 M R 1 L, a Stokes vector can be determined by four independent measurements. The Mueller matrix of a sample transforms an incident Stokes vector into the corresponding output Stokes vector. In other words, the Mueller matrix fully characterizes the polarization property of the sample. In the experiment, the Mueller matrix is obtained by measurements with different combinations of polarizers and analyzers. A total of at least 16 intensity measurements are required for a full Mueller matrix.
In an OCT system, the interference signal generated by the light beams from the reference arm and the sample arm is 
A schematic of the OCT system for our studies is shown in Fig In the experiment we achieve four different incident polarization states, H , V , P , and R, by rotating the half-wave plate and the quarter-wave plate. For each of these four incident polarization states, we adjusted the variable-wave plate at the reference arm to achieve sequentially the H , V , P , and R polarization states. The light intensities of both the source arm and the reference arm are measured for each of the 16 combinations of the polarization states. The source intensity is measured for calibration purposes. The reference intensity is used to convert the OCT signals into a Mueller matrix. We acquire and process a total of 16 polarization-sensitive OCT images to obtain the 16 Mueller matrix images ͓M ij ͔ according to relation (2) and the following formula: 2 6 6 6 6 4
where M ij , a two-dimensional tomographic image, represents the Mueller matrix element of the ith row and the jth column. The symbols consisting of doublepolarization states represent an OCT measurement, with the source polarization state denoted by the left letter and the reference polarization state denoted by the right letter. For example, HV refers to an OCT image acquired with an H -polarized incident field and a V -polarized reference field. We can prove matrix (3) by performing matrix operations on the Mueller matrices of the source polarizers, the sample, and the detection analyzers. The OCT system is carefully calibrated and validated. The four incident polarization states, as well as the four reference polarization states associated with each incident polarization state, are examined in terms of polarization purity. The polarization purity is defined as I min ͞I max , where I max is the signal intensity of the designed polarization state and I min is the intensity of the orthogonal polarization state. The measured I min ͞I max is less than 0.15% for all the polarization states. The Mueller matrices of simple optical elements measured with this new technique agree with their known ideal matrices to within an error of 5-10%. In our setup we find that the error comes mainly from the intensity f luctuation of the interference signal, which is caused by the modulation of the fine spectral structure of the superluminescent diode source.
We performed the initial Mueller matrix measurement on a piece of bone obtained from the head of a yellow croaker fish. The images consist of 100 axial scans with 5-mm transverse resolution. The image size is 750 mm in the vertical (depth) direction and 500 mm in the horizontal direction. The 16 raw images [ Fig. 2(a) ] show some very interesting patterns. First, there are various degrees of symmetry about the diagonal of the matrix in the morphological appearance. For example, the HV and the VH images are very similar. Second, the depolarization effect can be clearly seen from the differences between the copolarized images ͑HH, VV ͒ and the cross-polarized images ͑HV , VH ͒. There are strong cross-polarized signals from some clusters (the red spots in the images) in the HV and the VH images. The corresponding locations in the copolarized images ͑HH , VV ͒ have strong signals as well. Therefore, these clusters have depolarized the incident light. For most locations other than those depolarizing clusters, the backscattered optical field still preserves most of the original polarization state because the copolarized images are much stronger than the cross-polarized images.
The processed 4 3 4 Mueller matrix images are shown in Fig. 2(b) . The effect of the beam splitter is removed from the processed Mueller matrix images, which represent the round-trip polarization characteristics of the tissue sample. The Mueller matrix element M 00 corresponds to a polarization-independent image as acquired by a nonpolarized OCT system. The other Mueller matrix elements M ij are pixelwise normalized by M 00 . The polarization-independent element M 00 reveals significantly less information than the other elements, as can clearly be seen in Fig. 2(b) . The Mueller matrix images look very different from the raw images and also show some interesting morphological patterns. First, there is some symmetry about the diagonal of the matrix among the images: M 01 and M 10 , M 02 and M 20 , and M 12 and M 21 are quite similar. Second, strong layered structures can clearly be seen in some of the images, such as M 22 , M 23 , and M 32 .
A key organic component of the bone matrix is the collagen fibrils, which should produce linear birefringence. However, the effect of the linear birefringence must have been mixed with that of scattering in this biological sample. According to the Mueller matrix theory, for samples of linear birefringence, their Mueller matrix elements M 13 and M 31 , M 23 and M 32 would have identical intensities but different signs. Such antisymmetry is not observed in the images. As shown in a previous study, the depolarization may also result from nonspherical scatterers. 6 The degree of depolarization has a very complicated dependence on the geometrical and optical parameters of the scatterers. Such a depolarization effect also depends on the polarization state of the incident field because there is much difference between the images acquired with the same reference polarization state and with different incident polarization states. The scatterers with different properties can cluster at different locations within the sample, which may have contributed to the patterns that appeared in the images. In other words, such patterns can provide good indications of spatially localized tissue structures and optical properties. Note that such patterns cannot be captured by nonpolarized OCT imaging and may not be seen by use of incomplete polarization-sensitive OCT imaging.
Definitive interpretations of the images entail precisely stacked three-dimensional histological images with polarization sensitivity. Each slice of the images should be perpendicular to the cross section of the polarization-sensitive OCT images, such that the propagation of light is in the same direction in both measurements. Because of its hardness, bone is difficult to section with a microtome. A frequently used technique is based on the decalcif ication of bone preserved by standard fixatives. The decalcified tissue is then embedded, sectioned, and stained. The bone may lose some of its optical properties during this procedure. However, our polarization-sensitive OCT imaging can noninvasively provide depth-resolved polarization information on biological tissue in its native state.
Although our technique can be used to characterize either soft or hard tissue, we measured hard tissue in this experiment because of its stability. To measure soft tissue we will need either to shorten the dataacquisition time or somehow to stabilize the tissue sample at a microscopic scale.
In summary, we have demonstrated a novel imaging technique that combines the advantages of Mueller matrix measurements and optical coherence tomography. This technique can furnish depth-resolved Mueller matrix characterization of native biological tissue either in vivo or in vitro with high spatial resolution. It has a great number of potential applications in biomedicine and material science. Analysis of the Mueller matrix can provide information on the origin of the polarization effect, 9 which is related to the local anisotropic structure within the sample. As an example, the anisotropic structure of the cardiac muscle is highly correlated with its biological and mechanical properties. Our technique furnishes a tool that is very useful in this area.
